Abstrucf-A novel fiber optic pH sensor is reported. The sensor is based upon surfacic adsorption of methylene blue dye, producing absorption in the evanescent field surrounding the sensing fiber. The sensor is based upon a 200 pm diameter Plastic Clad Silica (PCS) fiber which has its cladding removed in order to expose its core. The linear range of operation is between pH 3 and pH 9 and its response time is considerably shorter than indicator based probes which measure spectral changes of pH sensitive chemicals. Effects of measurand ionic strength are shown to be negligible which is a further important advantage of this sensor over other optical fiber pH sensors. The sensor design is sufficiently flexible to allow it to be configured in probe (reflective) or in-line (transmissive) form. The latter allows the application of time domain reflectometry technique which may be used to achieve multipoint (distributed) sensing.
I. INTRODUCTION CCURATE measurement of pH is required in diverse
A and challenging fields provided by industry, medicine and the environment. On-line monitoring of pH is needed for process control in extreme conditions such as those posed by nuclear reactor environment [l] or waste water treatment plant [ 2 ] . Clinicians require measurement of blood pH [3] and other physiological fluids during surgery. Monitoring of pH underground water involves harsh environments, and extreme ionic concentrations.
Optical fiber sensors meet these challenges because they have many advantages compared with conventional (potentiometric) pH sensors. For example, immunity to electromagnetic interference, electric and intrinsic safety, possibility of miniaturization, and bio-compatibility, make an optical fiber pH sensor ideal for in vivo blood monitoring in electromagnetically noisy intensive care environments. With the sensor configuration reported, it is possible to extend the method to quasi-distributed (multipoint) sensing. Such a method is particularly suitable for applications involving long lengths of pipework. The novel sensing mechanism overcomes problems of accurate pH measurement under conditions of extreme ionic concentration, for example, underground water monitoring (e.g., slow response time).
Research to date has concentrated on changes in the optical properties of colorimetric or fluorimetric pH indicators. Optical fiber sensors based on such methods measure by reflection or through interaction with the evanescent field changes in the absorption due to changes in color of colorimetric indicators IEEE Log Number 9412214.
[4]. The same optical configurations have been used to monitor the evolution of a fluorimetric (i.e., fluorescence intensity [5] , decay time [6]) pH indicators. These sensors have inherent limitations. The range over which the output is linear is very limited (typically 2 pH units) and signal processing corrections suffer from the low sensitivity offered by the indicators outside their linear range. More significantly, pH color indicators do not measure the activity of OH-ions and are consequently sensitive to the ionic strength of the monitored medium (corrections taking into account the actual ionic strength of the medium are possible but this parameter is very difficult to evaluate accurately). The cost of these techniques could also be very high due to the price of UV optics needed for fluorimetric work as well as the complication of immobilizing the indicator in a polymer [7] . The sensor described in this paper uses a novel sensing technique. Interactions between the silica of the stripped core of an optical fiber and hydroxyl ions of a solution, induce modification of the surface charge of the silica. This electrostatic attraction changes the concentration of oppositely charged absorbing chromophores of methylene blue, within the evanescent field region surrounding the fiber core. The resultant changes in transmitted light intensity are a linear function of pH over a measured range of 3-9-pH units. The surfacic concentration of absorbing polar molecules appears to be a function of the activity of OH-ions. The sensor therefore measures the actual value of the pH and is immune to changes in the ionic strength of the monitored medium. Other advantages include a high sensitivity of 0.75 dB/pH and a fast response time of less than one minute in a solution of normal ionic strength, limited only by the semi-permeable membrane used to prevent the methylene blue liquid dye modulator from contaminating the measurand solution.
In Section 11, the optical and chemical principles of operation of this new pH sensor are explained in more detail. The theoretical hypothesis is tested (Section 111) by practical experiments. In Section IV, the sensor is characterized, with specific attention to the effect of ionic strength. Section V discusses methods of sensor optimization tailored to specific applications. Section VI contains a summary of the sensor characteristics, and a discussion of future work.
THEORETICAL HYPOTHESIS

A. Optical Principle
If the core and cladding of an optical fiber are assumed to have locally constant refractive indices, each propagating ray of light can be treated as an individual plane wave. and cladding. p is the radius of the fiber core. L is the length of the exposed fiber core. nmb is the refractive index of the aqueous solution.
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such a ray is reflected at the boundary between a denser and a rarer optical medium, the fields associated with the plane wave extend beyond the interface. These fields have an amplitude which decreases exponentially with increasing distance from the boundary and are consequently referred to as evanescent fields. If the evanescent electric field interacts with an absorbing rarer medium, attenuation of the power of the propagating ray will result. Under most experimental conditions, this power absorption can be deduced from the Beer-Lambert law (1)
(1)
Where Po is the power of the ray before absorption, C, the concentration of the absorbing substance, E , the molar absorption coefficient and L, the optical path length. A is a coefficient derived from the geometry of the optical waveguide (waveguide geometry coefficient).
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Equatjon (2) indicates that absorbance (Abs) is linearly proportional to concentration (C), and this relationship is exploited by the sensor described in this paper. As explained (Section 11-B), the concentration of an absorbing substance (e.g. methylene blue) at a silica surface is linearly related to the pH.
Therefore the absorbance of a silica sensing element can be shown to be a linear function of the pH.
The optical fiber pH sensor described uses the bare core of a chemically stripped Plastic Clad Silica (PCS) fiber as a dense optical medium (n,, = 1.46) and an aqueous solution of methylene blue as a rare absorbing medium (n,b = 1.33) (Fig. 1) .
In order to develop a theoretical model for the absorbance of this sensing element, the value of the waveguide geometry coefficient (A) must be determined. A is only valid for meridional rays which restricts the quantitative validity of the model. In practice, skew rays and tunnelling rays contribute highly to the absorbance of the sensor. A more accurate model has not been developed yet due to the difficulty to determine exactly the mode distribution within multimode fibers. However, a qualitative model allows identification of optimization parameters (launch angles, mode filtering) as well as relative effects of different waveguide geometries (core diameter) or parasitic measurand variations (temperature). An expression for A (3) can be derived from the evanescent absorption coefficient (7) which was calculated [8] , [9] . This has been further developed to obtain an expression for A(&) in (4).
(3 1
Variables are defined in Fig. 1 .
sin-l(n,b/n,,), the critical angle of the waveguide formed by the fiber core and the methylene blue solution.
pe is the effective diameter of the fiber core. As the angle of incidence of the propagating ray approaches the critical angle Bc, the actual diameter of the fiber becomes [lo] :
where dp is the penetration depth of the evanescent field within the cladding and is given by [ 
With Ocmb = Pe = P + d p .
(7)
Equation (4) gives the value of A as a function of the angle of incidence (ea) and is plotted in Fig. 2 . This shows that only modes close to the critical angle of the fiber (e,) are strongly absorbed, which is significant when designing the optical sensor. These can be described as the Poynting vector of guided electromagnetic modes.
To determine the waveguide geometry dependencies of the power distribution, the power in each mode (Pi(&)) must be multiplied by the waveguide geometry coefficient for this mode (A(&)). The total waveguide coefficient is therefore given by the ratio between the sum of all geometric dependencies of the power in each mode (Pi(&)) . A ( & ) and the sum of the incident .power in each mode (Pi(&)) (8) . dp = 2 . r . n C 0 Jsin2e-(n,ln,,2'
lecpa(ei) . A ( e i ) . dei
where Oc = sin-'[nc0 . cos (sin-'(ncl/nc0))] is the critical angle of the optical fiber. 
Theoretical plot of absorbance as a function of concentration of a
A collimated beam focused by a lens onto the fiber has the power distribution given in (9), [12] (9)
A has been computed for the following parameters:
All modes are launched into the fiber which gives a value for A of 0.125 x Fig. 3 shows a plot of the estimated absorbance versus the concentration.
It is possible to obtain a direct comparison between practical results and theoretical evaluation by equating pH changes to absorbing substance concentration changes within the evanescent field region. We assume that neutral pH values (pH 7) give a surfacic concentration equal to the bulk concentration and low pH values (pH 3) give no absorption. It is therefore possible to deduce the following equations:
C, is the surfacic concentration, c b is the bulk concentration and pH is the actual pH value. For a bulk concentration of 35 mfl, sensitivity values are 0.05 dB/pH for the theoretical model and 0.75 dB/pH for the sensor. The difference was expected and due to the failure of the meridional rays model. However, when taking into account discrepancies between the theoretical and experimental absorption coefficient (y) reported by other researchers 
B. Chemical Principle
In all crystalline silicates, the central silicon atom is surrounded by four oxygen molecules in a tetrahedral arrangement. Each tetrahedron can be linked to either one, two, three or four other tetrahedra by Si-0 bonds at the comers, giving a three-dimensional framework. The surface of the silica is neutral, and has no net surface charge or potential. When silica is immersed in aqueous solution, H+ and OH-ions and H2O react with the surface to form an amphoteric hydroxylated layer [ 131. The charge on the surface of the silica will therefore depend directly on the composition of the solution. At low pH, where there is a high concentration of H+ ions, a positive surface charge will be induced on the silica. As the pH of the solution is increased the concentration of H+ ions is reduced until at high pH (alkaline) the solution contains an excess of OH-ions, inducing a net negative surface charge on the silica. These ions interact reversibly with the surface of the silica, and the adsorption of protons or hydroxyl ions can be represented by the (13) -SOH$ -SiOHoz SiO-+ H20. (13) From the equation, it can be seen that at high pH, the surface of the silica will have an induced negative surface charge, which will subsequently decrease as the pH of the solution is made more acid.
Methylene blue has a positively charged chromophore which will be attracted to the negatively charged surface of the silica at high pH. As the pH of the solution is reduced, the electrostatic attraction between silica and methylene blue will also be reduced. Consequently, the concentration of methylene blue at the surface of the silica will be lower.
EXPERIMENTAL VALIDATION
Experimental work was separated into three distinct areas. First, the optical mechanism was simulated in a simplified configuration, in order to test the theoretical hypothesis. Secondly, changes in the transmission spectrum of the optical fiber sensor as a function of pH were measured when methylene JOURNAL OF LlGHTWAVE TECHNOLOGY, VOL. Experimentally derived absorbance of methylene blue solution imblue was in surface contact with the stripped core of the fiber. It was shown that spectral transmission of methylene blue solution alone, is unaffected by pH. Finally, the spatial intensity distribution of modes at the output fiber indicated that the attenuation taking place was due to evanescent field modulation.
A. Silica/Methylene Blue Interaction
If the theoretical explanation described in the previous section is valid, it must be possible to experimentally determine the methylene blue/silica interaction as follows.
A glass microscope slide was immersed in four separate solutions of methylene blue. These solutions were prepared with the same concentration (80 mmol/l) but with different pH values. The transmittance of the glass slide was measured using the optical set-up described in Fig. 5. Fig. 6 shows the plot of the transmittance as a function of pH. Fig. 6 confirms the experimental observations, showing the absorption to be linear with pH. These results must be treated as qualitative since it is not possible to evaluate the thickness of the absorbing layers of adsorbed methylene blue molecules.
The experiment was reproduced, but with alcian blue. As was the case with methylene blue, this dye showed a pH dependent adsorption to the surface of a microscope slide (Fig. 7) . Although it displays a pH dependence, measurements with the alcian blue were unstable and were highly nonreproducible (15% of full scale). number of polar chromophores within the evanescent field region, resulting in the increased absorption. The absorption spectrum of a solution of methylene blue contained in a 10-mm pathlength cuvette was shown to be constant despite changes in pH. Typical spectrum is shown in Fig. 10 , which was obtained with the same optical configuration as in Fig. 8 .
The real part of the refractive index of a thin liquid film of methylene blue solutions of different pH has also been shown to be independent of pH (to the precision of 50.0005 refractive index units achieved using an Abbe refractometer).
It was confirmed that the absorption changes were not due to modifications of the optical properties of the methylene blue but to an interaction between the dye and the silica of the fiber core. Fig. 11 shows that the peak wavelength of the absorption spectrum peak, as measured by the sensor, is pH sensitive, shifting by -2 nm/pH. Further investigation of this effect is required, as it may form a wavelength dependent method of pH monitoring.
B. Spectral Characteristics of the Measurand
The absorption spectrum of the sensor at three different pH values was measured using the experimental set-up described in Fig. 8 . These results are illustrated in Fig. 9 , and show that the changes in the transmission of the sensor with pH are easily detected. Higher pH values cause greater negative charging of the silica core of the fiber and thus attract a larger 
C. Mode Selective Absorption
If the attenuation of light intensity with pH is shown to be mode dependent by observing the spatial intensity distribution of the output of the sensing fiber, it can be concluded that these variations are due to changes in the complex refractive index at the surface of the fiber which affect the evanescent field. If the changes are not due to evanescent field absorption, but to a modification of the optical properties of the silica, the beam profile at the output of the fiber will have a uniform spatial intensity distribution. Fig. 12 shows how the intensity distribution of the emittance cone forming the numerical aperture of the output fiber was captured with a CCD camera, and image processed. The pH of the methylene blue was varied and the corresponding sensor output beam profiles were recorded and normalized. A logic AND was performed between corresponding pixels of the captured beam intensity profiles as shown in Fig. 13 . At low pH [ Fig. 13(b) ] minimal attenuation occurred and the beam profile was similar to that obtained using only distilled water in contact with the stripped core fiber. However, Fig. 13(a) shows a ring of highly attenuated modes under high pH conditions corresponding to strong molecular absorption at the methylene bluekladding interface. It can be seen that only the modes close to the cut-off frequency of the fiber are highly attenuated.
IV. SENSOR CHARACTERISTICS
All experiments reported were performed using the sensor configuration described in Fig. 14 . The source is a HeliumNeon laser and launched into a high NA (0.65) microscope objective to obtain the required angular magnification. The sensing fiber is a 200 pm PCS (Plastic Clad Silica) fiber with the core stripped using methyl chloride over a length of 30 The capsule enclosing the sensing fiber and methylene blue measurand is detailed in Fig. 15 . The body is a windowed stainless steel tube (0 4 mm) sealed by a glued semi-permeable membrane (Alpha 400 dialiser membrane). The semi-permeable membrane allows the entrainment of hydroxyl ions while confining the dye molecules.
A typical response of the sensor is shown in Fig. 16 . The absorbance in dB is a linear function of the pH over the measured range (linear to better than 0.2%). The pH range extends from pH 3-9 but should in theory extend to pH 10 (Section 11) retaining a linear dependency on the absorbance. The sensitivity is also very good at 0.25 dB/pH.
The insertion loss is defined as the ratio of the transmitted power of the sensing fiber with its cladding intact and stripped in aqueous medium. For the configuration of Fig. 14 , insertion loss was shown to be around 1.3 dB. Compared to the output variation of intensity of the sensor with pH of 3 dB, the insertion loss is sufficiently small to enable this sensor to be used in a distributed configuration, interrogated using optical time domain reflectometry techniques.
The sensor characteristics are as follows, but their accuracy is limited by the stability of the Helium-Neon laser light source. The repeatability of the sensor is defined as the dif- ference in absorbance between two consecutive measurements at the same pH, and was found to be better than 10%. The hysteresis over a pH range from 3-10 pH units, was less than 5%. Precision was less than 0.1 pH units. Use of a stabilized HeNe laser or laser diode light source could improve these parameters by an order of magnitude.
Another important parameter for a sensor is the response time. At normal ionic strength (distilled water) the chemical reaction is instantaneous, therefore the response time is only limited by the characteristics of the semi-permeable membrane and the physical dimension of the capsule (Section Vj. With the configuration reported here, the response time is between 10 s (low pH) and 1 min (high pH). Low ionic strength solutions could increase the response time by slowing down the chemical reaction and thus need to be investigated.
A . Effect of Ionic Strength
The sensor configuration of Fig. 14 was used with a temperature stabilized laser diode and without the semi-permeable membrane. Four solutions of identical concentration and pH (pH 6.9) were prepared. Sodium chloride was added to three solutions in concentrations of 5 , 10, 15 g/l. The absorbance of each solution was measured and differences of no more than 1% were found, showing that the sensor is not sensitive to high ionic concentration.
Further experiments involving lower ionic strength, standard ionic strength solutions, and testing over the whole pH range need to be performed, but these early results clearly show that this new sensing technique is significantly less sensitive to ionic strength than other optical pH sensing techniques [ 141.
V. OPTIMIZATION
A. Optical Characteristics
The sensor described is easy to tailor to specific applications. For example, for a point sensor, signal attenuation is not really a problem and high sensitivity is a requirement. Also, reflectometry techniques require a low parasitic (insertion) loss thus allowing a large number of sensing points to be interrogated. In order to optimize the sensor with regards to these specificities several parameters may be tuned.
Dye concentration is one of these parameters. It determines the absorbance of the sensing element and therefore influences the insertion loss. A plot of the absorbance versus the concentration of the solution is given in Fig. 17 . The absorbance can be fitted to the square root of the concentration as described elsewhere [ 1 I]. This nonlinear dependency of the absorbance is explained by the electrostatic shielding caused by the adsorbed methylene blue molecules which reduce the absorption expected from high concentrations.
Dye concentration also determines the absorption range of the sensor (number of dB/full pH range). Fig. I8 shows that range is also a function of the square root of the concentration. This could also be attributed to the molecular shielding which reduces the proportion of dye molecules able to interact with the fiber at higher pH values. Using these two graphs and by maximizing the derivative of one of the two functions it is relatively easy to find the optimum dye concentration for each application. For a point sensor as used in the laboratory experiments, the optimal value was 30 m a .
The rel&ionship between absorbance and sensing length is shown in Fig. 19 . Increase in the dye concentration results in an increase in the number of molecules available for interaction, but an increase in sensing length leads to a linear increase in evanescent field volume. Thus, the good correlation with the Beer-Lambert law, in that absorbance is proportional to pathlength, is explained.
From results shown in Section 111-C, the sensing is highly mode dependent and only modes near the cut-off wavelength of the waveguide optical fibedaqueous medium are absorbed as illustrated in Fig. 2 . As a consequence, it is possible to improve the sensitivity of the sensor by suppressing the modes not contributing to the sensing process. An experiment using the optical set-up is illustrated in Fig. 20 . The launch optics included a 0.4 NA microscope objective to collimate the beam from the laser diode (wavelength: 635 nm) and a 0.65 NA objective to provide the appropriate angular magnification. A circular mask was inserted in the collimated beam to produce the required incident angles. An increase in sensitivity was measured, but the low power contained in the allowed modes combined with the difficulty of maintaining the mode distribution over any length of fiber make this technique incompatible with distributed sensing. For the point sensor, the increase in sensitivity does not, in most cases, justify the increased complexity of the optical system, as the value of 0.75 dB/pH is sufficiently high.
B. Response Erne
At normal ionic strength (distilled water), the semipermeable membrane is the only factor limiting the response time of the sensor. It is possible to reduce this time by choosing a thinner membrane (faster diffusion time) and by optimizing the ratio between measurand volume and membrane surface. Ultimately, tubes of semi-permeable material may be used.
Another factor influencing the choice of membrane is its susceptibility to contamination. Contaminants such as limescale or biofilms (polymer enclosed bacterial colonies [15] ) can obstruct some of the pores thus increasing the diffusion time. A more thorough investigation into suitability of different membranes to different applications would involve the long term testing of such membranes in the presence of various contaminants.
VI. CONCLUSION
Preliminary results of tests on a novel optical pH sensing technique are reported. The technique not only has many advantages over conventional potentiometric sensors (small size, electrical safety) but as a superior performance to other optical fiber pH sensors. Most of the problems associated with optical sensors based on absorption or fluorescence changes of pH indicators are overcome. These sensors offer a limited linear range of typically 2 pH units as opposed but the reported sensor has a range of 6 pH units. More importantly, ionic strength of the medium under test strongly affects the spectral characteristics of pH indicators, but the reported sensor is based on OH-ions activity, and t l y s still measures the real pH value at high ionic CoacenrratiOns.
Optimization of the sensor enables it to be tailored to specific applications by consideration of sensitivity, insertion loss and response time of the sensor.
It is necessary to confirm these preliminary results with extensive tests. Long km stability of the silica core must be evaluated with regards to continuous immersion and degradation of the surface by the methylene blue dye. Another factor affecting long term stability is the contamination of the semi-permeable membrane by biofilms or limescale and different materials must be tested in iddustrial environment.
As reported here, high ionic strength ddes not adversely affect the sensor, but low ionic strength such as found in underground water might affect the response time of the sensor making it impractical for environmental sensing. The design of the sensor can be improved by modifying the geometry of thecapsule to reduce its volume. A smaller capsule will also improve the response time by reducing the ratio (dye volume)/(membrane sdrface). Multiwavelength monitoring by providing on-line calibration of the optical system and compensation for common mode noise will strengthen the possibility of many industrial applications.
In conclusion, the reported sensing techhique is highly encouraging, but further tests rem& to be performed particularly with regards to its potential for industrial applications.
